Long QT syndrome is an inherited disorder of cardiac repolarization caused by mutations in cardiac ion channel genes, including KVLQT1. In this study, the functional consequences of three long QT-associated missense mutations in KvLQT1 (R243C, W248R, E261K) were characterized using the Xenopus oocyte heterologous expression system and two-microelectrode voltage clamp techniques. These mutations are located in or near the intracellular linker between the S4 and S5 transmembrane domains, a region implicated in activation gating of potassium channels. The E261K mutation caused loss of function and did not interact with wildtype KvLQT1 subunits. R243C or W248R KvLQT1 subunits formed functional channels, but compared with wild-type KvLQT1 current, the rate of activation was slower, and the voltage dependence of activation and inactivation was shifted to more positive potentials. Co expression of minK and KvLQT1 channel subunits induces a slow delayed rectifier K ؉ current, I Ks , characterized by slow activation and a markedly increased magnitude compared with current induced by KvLQT1 subunits alone. Coexpression of minK with R243C or W248R KvLQT1 subunits suppressed current, suggesting that coassembly of mutant subunits with minK prevented normal channel gating. The decrease in I Ks caused by loss of function or altered gating properties explains the prolonged QT interval and increased risk of arrhythmia and sudden death associated with these mutations in KVLQT1.
Long QT syndrome is an inherited disorder of cardiac repolarization caused by mutations in cardiac ion channel genes, including KVLQT1. In this study, the functional consequences of three long QT-associated missense mutations in KvLQT1 (R243C, W248R, E261K) were characterized using the Xenopus oocyte heterologous expression system and two-microelectrode voltage clamp techniques. These mutations are located in or near the intracellular linker between the S4 and S5 transmembrane domains, a region implicated in activation gating of potassium channels. The E261K mutation caused loss of function and did not interact with wildtype KvLQT1 subunits. R243C or W248R KvLQT1 subunits formed functional channels, but compared with wild-type KvLQT1 current, the rate of activation was slower, and the voltage dependence of activation and inactivation was shifted to more positive potentials. Co expression of minK and KvLQT1 channel subunits induces a slow delayed rectifier K ؉ current, I Ks , characterized by slow activation and a markedly increased magnitude compared with current induced by KvLQT1 subunits alone. Coexpression of minK with R243C or W248R KvLQT1 subunits suppressed current, suggesting that coassembly of mutant subunits with minK prevented normal channel gating. The decrease in I Ks caused by loss of function or altered gating properties explains the prolonged QT interval and increased risk of arrhythmia and sudden death associated with these mutations in KVLQT1.
The slow delayed rectifier K ϩ current, I Ks , 1 is one of several outward currents that modulate repolarization of cardiac action potentials (1, 2) . The channel mediating I Ks is formed by coassembly of two subunits, minK and KvLQT1 (3, 4) . Mutations in KVLQT1 (also called KCNQ1) cause long QT syndrome (LQT) (5) , an inherited disorder of ventricular repolarization that predisposes affected individuals to cardiac arrhythmias and sudden death (6) . The physiologic consequences of some mutations have been studied by heterologous expression of KvLQT1 in Xenopus oocytes or mammalian cells (7) (8) (9) (10) . Most missense mutations in KVLQT1 cause loss of channel function when mutant subunits are expressed alone and a dominantnegative effect when coexpressed with wild-type (WT) KvLQT1 subunits. However, some mutations alter the function of Kv-LQT1 channels, and a study of their biophysical properties has led to novel insights into the structural basis of channel function. For example, the LQT-associated mutation V254M caused loss of function but accelerated activation of KvLQT1 channel current when mutant subunits were coexpressed with WT Kv-LQT1 subunits (8) . V254M is located in the cytosolic loop connecting the S4 and S5 transmembrane domains of KvLQT1. Missense mutations in the S4-S5 linker have also been reported to accelerate activation and deactivation of human ether-a-go-go-related gene (HERG) channels (11) . Furthermore, the S4-S5 linker determines the rate of deactivation of chimeric channels constructed from Kv2.1 and Kv3.1 (12) . Together, these studies indicate that the S4-S5 linker of K ϩ channels affect activation gating in addition to serving as the docking site for the N-terminal inactivation ball in Shaker K ϩ channels (13) .
In this study, we characterized the physiological consequences of three LQT-associated mutations located in the S4-S5 linker (W248R, E261K) or near the C-terminal end of the S4 transmembrane domain (R243C) of KvLQT1. All three residues are highly conserved within the KCNQ K ϩ channel family (Fig. 1) . Based on the postulated role of S4 and the S4-S5 linker in other K ϩ channels, we hypothesized that these LQTassociated mutations in KvLQT1 would affect properties of channel activation. We found that E261K caused loss of function and did not functionally interact with WT KvLQT1 or minK subunits. Current induced by R243C or W248R KvLQT1 subunits slowed the activation and shifted the voltage dependence for activation and inactivation compared with WT Kv-LQT1 channel current. As previously reported (3, 4) , coassembly of WT KvLQT1 with minK subunits induced a current, I Ks , that was several times larger and activated slower than WT KvLQT1 channel current. In contrast, I Ks channels formed by coassembly of R243C or W248R KvLQT1 with minK subunits were nonfunctional. These results confirm an important role for the S4-S5 linker in K ϩ channel gating and define a new mechanism for I Ks dysfunction by LQT-associated mutations in KVLQT1.
EXPERIMENTAL PROCEDURES
Single-stranded Conformation Polymorphism (SSCP) and DNA Sequence Analyses-Genomic samples from individuals with LQT were amplified by polymerase chain reaction and used in SSCP analyses. A primer pair for exon 5 (5Ј-TCAGCCCCACACCATCTCCTTC-3Ј and 5Ј-CTGGGCCCCTACCCTAACCC-3Ј) identified abnormal bands in the coding sequence for the S4-S5 linker of KVLQT1. Polymerase chain * This work was supported by NHLBI, National Institutes of Health Grants HL46401, HL52338, and HL55236. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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reaction was carried out with 50 ng of DNA in a final volume of 10 l using a Perkin-Elmer 9600 thermocycler (Norwalk, CT). Conditions used were as described (14) . Reactions were diluted with 40 l of 0.1% SDS, 10 mM EDTA and with 30 l of 95% formamide loading dye. The mixture was denatured at 94°C for 5-10 min and immediately placed on ice. Three l of each sample was electrophoresed on 5% polyacrylamide gel (acrylamide:bisacrylamide 49:1) at 4°C and on 0.5ϫ mutation detection enhancement gel (FMC Bioproducts, Rockland, ME) at room temperature. Electrophoreses on the 5% gels were carried out at 40 W for 2-3 h, and electrophoreses on 0.5ϫ gels were run overnight at 350 V. Gels were dried on filter paper and exposed to film for 18 h at Ϫ70°C.
Aberrant and normal SSCP bands were excised from the gel and eluted in 100 l of double distilled H 2 O at 65°C for 30 min. Ten l of the eluted DNA was used as a template in a second 100-l polymerase chain reaction reaction using the original primer pair. Products were washed 3ϫ with 400 l of double distilled H 2 O in Microcon 100 microconcentrators (Amicon, Bedford, MA). DNA was directly sequenced in both directions by the dideoxy chain termination method using the original primers on an Applied Biosystems model 373A DNA sequencer (Perkin-Elmer). Sequencing identified two mutations (R243C, W248R) in unrelated families. These mutations were not observed in more than 200 control individuals. We also studied a previously reported LQTassociated mutation, E261K, located in the S4-S5 linker (15) .
Expression Constructs-Mutation of wild-type (WT) KVLQT1 cDNA was performed using the megaprimer method (16) . Mutation constructs were confirmed by restriction enzyme and DNA sequence analyses. WT and mutant KVLQT1 cDNAs were subcloned into pSP64 plasmid expression vector (Promega, Madison, WI). Before use in expression experiments, the constructs were characterized by restriction mapping and DNA sequence analyses. Complementary RNAs (cRNA) for injection into oocytes were prepared with SP6 Cap-Scribe (Roche Molecular Biochemicals) following linearization of the expression construct with EcoRI. WT and mutant RNAs were quantified by UV spectroscopy and compared by agarose gel electrophoresis.
Injection of Oocytes with cRNA-Isolation, maintenance, and injection of Stage V and VI Xenopus oocytes with WT-KVLQT1, mutant KVLQT1, or human minK cRNA was performed using standard methods (11, 17) . Oocytes were injected with 7.5-40 ng of KVLQT1 cRNA as described for each experiment. Paired comparisons (WT versus mutant channels) were always made from oocytes isolated from the same frog. Oocytes were used for voltage clamp studies 3-4 days after injection of cRNA.
Voltage Clamp-Oocytes were bathed at room temperature (22-25°C) in a modified ND96 solution containing 96 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 5 mM HEPES (pH 7.6). Whole cell currents were recorded using standard two-microelectrode voltage clamp techniques and a TEV-200 amplifier (Dagan Corp., Minneapolis, MN) as described (18) . KvLQT1 currents were elicited by 2-s pulses (or 8-s pulses for W248R KvLQT1 current) applied in 10-mV increments to potentials ranging from Ϫ70 to ϩ60 mV from a holding potential of Ϫ80 mV. KvLQT1 tail currents were measured at Ϫ70 mV (or Ϫ35 mV for W248R KvLQT1 current). I Ks (KvLQT1 ϩ minK) was elicited by 8-s pulses applied in 10-mV increments to potentials ranging from Ϫ50 to ϩ40 mV from a holding potential of Ϫ80 mV. I Ks tail currents were measured at Ϫ50 mV. The voltage dependence of KvLQT1 and I Ks activation was determined by fitting the amplitude of peak tail currents versus test potential with a Boltzmann function. pClamp software (Axon Instruments, Foster City, CA) was used to generate voltageclamp commands and acquire membrane currents. Specific voltage pulse protocols are described under "Results."
Three separate experiments were performed. In the first series of experiments, the physiological function of homomultimeric channels was assessed by comparing currents induced by injection of WT or a mutant KVLQT1 cRNA (15 ng/oocyte). In the second series of experiments, the ability of mutant KvLQT1 subunits to coassemble with WT KvLQT1 subunits was determined. Current induced by injection of WT KVLQT1 cRNA (7.5 or 15 ng/oocyte) was compared with current induced by injection of an equal mixture of WT and mutant KVLQT1 cRNA (7.5 ng/oocyte each cRNA). The third series of experiments compared currents induced by injection of oocytes with minK cRNA (1 ng/oocyte) plus either WT or mutant KVLQT1 cRNA (8 ng/oocyte). pClamp and Origin (Northampton, MA) software were used to analyze data. Data are expressed as mean Ϯ S.E. (n ϭ number of oocytes).
RESULTS

Current-Voltage Relationships for WT and Mutant KvLQT1
Currents-Channels formed by homomultimeric assembly of subunits were characterized in oocytes injected with 15 ng of either WT KVLQT1 cRNA or one of the mutant KVLQT1 cRNAs. WT KvLQT1 current activated with a multiexponential time course in response to membrane depolarization and did not fully activate during a 2-s pulse ( Fig. 2A) . After membrane repolarization, current deactivation was preceded by an increase in current caused by rapid recovery of channels from inactivation (19, 20) . R243C and W248R KvLQT1 currents were smaller than WT KvLQT1 current at all potentials examined. Compared with WT KvLQT1 current, R243C KvLQT1 current also activated slower and at more positive potentials, and the tail currents were not obviously hooked ( Fig. 2A) . The effects of W248R on the magnitude and kinetics of KvLQT1 current were similar to R243C but more pronounced. The average I-V relationships determined with 2-s pulses for WT and R243C KvLQT1 and 8-s pulses for W248R KvLQT1 are plotted in Fig. 2B . At ϩ60 mV, R243C KvLQT1 current was reduced by about 60% compared with WT KvLQT1 current. W248R Kv-LQT1 current was reduced even further. At ϩ60 mV, W248R KvLQT1 current measured with 8-s pulses was about 80% smaller than WT KvLQT1 current measured with 2-s pulses. Thus, neutralization of a single charge in the S4 transmembrane domain (R243C) or replacement of a hydrophobic residue with a charged residue in the S4-S5 linker (W248R) altered the gating of KvLQT1 channels.
Another LQT-associated mutation in KvLQT1 resulted in reversal of a charged residue in the S4-S5 linker (E261K). Injection of oocytes with 15 ng of cRNA for this mutant subunit did not induce measurable current (Fig. 2C) . Similar results were obtained using higher amounts (40 ng) of E261K KVLQT1 cRNA.
Voltage Dependence of Activation-To quantify the voltage dependence of KvLQT1 activation, the amplitude of tail currents versus test potential was determined for WT and mutant channels. For WT KvLQT1 and R243C KvLQT1, tail currents were measured after 2-s pulses. For W248R KvLQT1, tail currents were measured after 8-s pulses to achieve a similar but still incomplete level of channel activation. The data for each cell was normalized to the maximum value determined from a fit of tail current amplitudes to a Boltzmann function. The normalized data for each oocyte was then averaged and plotted as a function of test potential. For oocytes expressing WT KvLQT1 channels, the V 0.5 and slope factor for this relationship was Ϫ13.6 Ϯ 0.1 mV and 12.5 Ϯ 0.1 mV, respectively (n ϭ 38). The V 0.5 for activation was shifted by ϩ16 mV for R243C KvLQT1 channels and by ϩ50 mV for W248R KvLQT1 channels compared with WT KvLQT1 (Fig. 3) .
Kinetics of Current Activation and Deactivation-The onset of current activation was estimated by fitting current traces to a two-exponential function. WT and R243C KvLQT1 currents were recorded with 2-s pulses. Longer pulses (8 s) were used to activate the much slower W248R KvLQT1 current. The time constants describing the rate of WT KvLQT1 current activation were voltage-dependent, decreasing at more positive potentials (Fig. 4, filled squares) . The relative amplitude of the fast component of WT KvLQT1 current activation also increased at more positive potentials (Fig. 4B, inset) . By contrast, the rate of R243C KvLQT1 current was slower, and the amplitude of the fast component was smaller than WT KvLQT1 current (Fig. 4,  A and B) . The rate of W248R KvLQT1 current onset was biexponential and extremely slow (Fig. 4, C and D) .
The rate of channel deactivation was determined by exponential fit of tail currents recorded at potentials ranging from Ϫ20 to Ϫ80 mV after a pulse to ϩ40 mV. WT KvLQT1 tail current initially increased in amplitude before decaying with a mono-exponential time course. The initial increase results from recovery of channels from an inactivated state (19, 20) and was not included in the exponential fitting procedure. The time constants for deactivation of WT KvLQT1 tail current varied from 205 ms at Ϫ80 mV to 720 ms at Ϫ20 mV (Fig. 5, A and B) . By contrast, the deactivation of R243C KvLQT1 (Fig. 5B ) and W248R KvLQT1 (Fig. 5C ) currents was biexponential and was not preceded by an initial increase in magnitude (Fig. 5A) . The lack of a hook in the tail currents suggested either these channels did not inactivate at ϩ40 mV or that recovery from inactivation was very fast. Overall, the rate of deactivation was faster for mutant KvLQT1 channels compared with WT Kv-LQT1 channels.
Inactivation of KvLQT1 Is Reduced by R243C and W248R Mutations-The hook in WT KvLQT1 tail currents indirectly reveals the presence of an inactivated channel state. A direct measure of channel inactivation was achieved by applying a three-pulse protocol (21) (22) (23) . The first depolarizing pulse opened and inactivated channels. The second step was applied to a negative potential (Ϫ130 mV) for a duration sufficient to allow inactivated channels to recover to an open state but not long enough for significant deactivation. If channels recovered from inactivation during the second pulse, then current inactivation was observable during a subsequent depolarization applied to the same potential as the first pulse (ϩ40, ϩ60, or ϩ80 mV). This pulse protocol was applied before and after exposure of an oocyte to 30 M L735,821, a concentration of drug that completely blocks KvLQT1 current (24) . Digital subtraction of current traces obtained before and after the drug was used to remove endogenous and leak currents. The leak subtraction revealed that WT KvLQT1 current during pulse 1 was the same at ϩ40 and ϩ60 mV but decreased by about 20% at ϩ80 mV (Fig. 6, A and B) . This decrease was caused by channel inactivation as evidenced by the observation that the initial current during the third pulse was larger, then rapidly inactivated to a level similar to that recorded at the end of the first pulse (indicated by arrow in A). The increase was greater after a 20-ms, than a 4-ms interpulse (Fig. 6, A and B) , indicating that a 4-ms pulse to Ϫ130 mV was insufficient to allow adequate recovery of WT channels from inactivation that developed during the first pulse.
By contrast to WT KvLQT1, R243C KvLQT1 current increased with depolarization from ϩ40 to ϩ80 mV. However, the increase in current was larger between ϩ40 mV and ϩ60 mV than between ϩ60 mV and ϩ80 mV, indicating slight channel For WT KvLQT1, R243C KvLQT1, and E261K KvLQT1, 2-s pulses were applied in 10-mV increments from Ϫ70 to ϩ50 mV, the holding potential was Ϫ80 mV, and tail currents were recorded at Ϫ70 mV. For W248R KvLQT1, 8-s pulses were applied in 10-mV increments from Ϫ70 to ϩ50 mV, the holding potential was Ϫ80 mV, and tail currents were measured at Ϫ35 mV. Note that currents are plotted to emphasize kinetics and are not plotted on the same scale. B, I-V relationships measured at the end of the 2-s pulses for WT (f), R243C (‚), and W248R (छ) KvLQT1 currents (n ϭ 8 -11). All currents were measured from the same batch of oocytes. C, I-V relationships for WT KvLQT1 (f, n ϭ 5) and E261K KvLQT1 (E) currents measured at the end of 8-s pulses from a single batch of oocytes. rectification. Because of a faster rate of deactivation, a 20-ms interpulse (pulse 2) was too long to assess inactivation for this mutant channel (Fig. 6C) . However, a 4-ms interpulse revealed that channels were partially inactivated during a pulse to ϩ80 mV but not during pulses to ϩ40 or ϩ60 mV (Fig. 6D) . Inactivation of W248R KvLQT1 current was also assessed using the three-pulse protocol, but the duration of the first pulse was lengthened to 8 s to account for the markedly slower activation of this mutant channel. Similar to R243C KvLQT1, inactivation of W248R KvLQT1 current was detectable at ϩ80 mV following a 4-ms interpulse (Fig. 7D) but not at ϩ40 mV or ϩ60 mV. Like R243C KvLQT1, a 20-ms interpulse was too long for W248R KvLQT1 because of relatively fast deactivation (Fig.   7C ). These data indicate that R243C and W248R KvLQT1 channels can only inactivate at potentials far more positive than that observed for WT KvLQT1 channels.
Coexpression of WT and Mutant KvLQT1 Subunits-Oocytes were coinjected with WT and mutant KVLQT1 cRNA to determine whether the encoded subunits formed heteromultimeric channels. For these experiments, currents induced by injection of oocytes with 7.5 ng or 15 ng of WT KVLQT1 cRNA were compared with currents induced in oocytes coinjected with 7.5 ng each of WT and mutant KVLQT1 cRNA. Examples of currents induced by coinjection of cRNAs are illustrated in the top panel of Fig. 8 . The currents recorded in oocytes coexpressing WT and E261K were indistinguishable from those injected with A, currents used to measure rates of current deactivation. For WT KvLQT1 and R243C KvLQT1, tail currents were recorded at potentials ranging from Ϫ20 mV to Ϫ90 mV after a 2-s pulse to ϩ40 mV. For W248R KvLQT1, tail currents were measured at the same potentials, but after an 8-s pulse, tail currents were measured at ϩ40 mV. B, time constants for deactivation of WT KvLQT1 (f, n ϭ 20) and R243C KvLQT1 (triangles, n ϭ 19). C, time constants for deactivation of WT Kv-LQT1 (f, n ϭ 12) and W248R KvLQT1 (diamonds, n ϭ 14).
7.5 ng of WT KVLQT1 cRNA alone. In contrast, the current induced by coexpression of WT and R243C KvLQT1 subunits activated more slowly than WT KvLQT1, and the tail currents had only small or indiscernible hooks. The slowing of activation was even more pronounced in oocytes coinjected with WT and W248R subunits. Regardless of the effects on kinetics, the magnitude of current induced by coexpression of WT and mutant KvLQT1 subunits measured at test potentials between Ϫ70 mV and ϩ40 mV was about the same as that observed for oocytes injected with 7.5 ng of WT KVLQT1 cRNA (Fig. 8,  middle panels) . Further evidence for coassembly of WT and R243C KvLQT1 subunits was the shift in the voltage dependence of activation for KvLQT1 current in coinjected oocytes compared with those injected with only WT KVLQT1 cRNA (Fig. 8A, bottom panel) . This shift was even greater for oocytes coexpressing WT and W248R subunits (Fig. 8B, bottom panel) . Oocytes were pulsed to a test potential of ϩ40, ϩ60, or ϩ80 mV for 2 s before applying a 20-ms (A and C) or 4-ms (B and D) interpulse to Ϫ130 mV to allow channels to recover from inactivation. The membrane potential was returned to the test potential after the interpulse to assess the extent of recovery. Currents were recorded before and after exposure of oocytes to 50 M L735,821 to completely block KvLQT1 current. The leak-corrected currents shown were obtained by digital subtraction of current traces recorded before and after drug. Oocytes were pulsed to a test potential of ϩ40, ϩ60, or ϩ80 mV for 8 s before applying a 20 ms (A and C) or 4 ms (B and D) interpulse to Ϫ130 mV to allow channels to recover from inactivation. The membrane potential was returned to the test potential after the interpulse to assess the extent of recovery. The arrow in panel A points to inactivating current during pulse 3. E, graph of percent current inactivated at different test potentials.
The shifts in the voltage dependence of KvLQT1 current activation (ϩ6 mV for WT ϩ R243C KvLQT1 and ϩ23 mV for WT ϩ W248R KvLQT1) were about half that measured in oocytes expressing homomultimeric channels (ϩ16 mV for R243C Kv-LQT1, ϩ51 mV for W248R KvLQT1; Fig. 3 ). The voltage dependence of activation was not shifted in oocytes coexpressing WT and E261K KvLQT1 subunits (Fig. 8C, bottom panel) . These data indicate WT KvLQT1 subunits are capable of coassembling with R243C or W248R KvLQT1 subunits but not with E261K KvLQT1 subunits.
Coexpression of KvLQT1 and minK Subunits-As reported previously (3, 4) , coexpression of WT KvLQT1 and minK subunits induced a large, slowly activating current similar to cardiac I Ks (Fig. 9A ). The average current induced by injection of oocytes with 8 ng of KVLQT1 cRNA plus 1 ng of minK cRNA was 5.8 Ϯ 0.4 A at ϩ60 mV, about 8-times larger than that induced by injection of oocytes with minK cRNA alone (0.7 Ϯ 0.1 A at ϩ60 mV; Fig. 9, B and D) . The average current induced by coexpression of E261K KvLQT1 and minK (0.76 Ϯ 0.09 A at ϩ60 mV; Fig. 9, C and D) was nearly identical to that induced by minK alone. Thus, E261K KvLQT1 subunits do not functionally interact with minK subunits. In contrast, the average currents induced by coexpression of R243C KvLQT1 or W248R KvLQT1 subunits with minK (both 0.34 Ϯ 0.02 A at ϩ60 mV) were smaller than currents induced by expression of minK alone (Fig. 9, C and D) . These data indicate that coassembly of minK with R243C or W248R KvLQT1 subunits suppresses channel function.
DISCUSSION
Mutations in the S4-S5 Linker Alter Gating Properties of
KvLQT1 Channels-R243C and W248R KvLQT1 channels activated slower and at more positive potentials than WT Kv-LQT1 channels. These changes were most pronounced for the W248R mutation, resulting in a current that grossly resembled I Ks (3, 4, 25) . We previously reported the functional consequences of another LQT-associated mutation, V254M, located in the S4-S5 linker of KvLQT1 (8) . This mutant caused loss of function, but coassembly of mutant subunits with WT KvLQT1 accelerated the rate of channel activation. Thus, like HERG (11), missense mutations in the S4-S5 linker of KvLQT1 can either slow or accelerate activation. The assignment of specific amino acids to the S4 transmembrane domain or S4-S5 linker is based on hydropathy plots. However, recent studies indicate that several residues near the C-terminal end of S4 of Shaker K ϩ channel subunits are accessible by thio-reactive reagents from the cytoplasm (26) . Thus, some residues indicated to be within S4 in Fig. 1 (including R243C ) might, in fact, be part of the S4-S5 linker. Modulation of gating properties by the S4-S5 linker has been reported for other voltage-gated K ϩ channels. For example, the deactivation rate of chimeric channels made from Kv2.1 and Kv3.1 K ϩ channels is determined by the S4-S5 linker (12) . Missense mutations in the S4-S5 linker of HERG channels either slowed or accelerated activation, and one mutation (D540K) destabilized the closed state, causing the channel to re-open upon hyperpolarization (11) . Together, these studies support a role for the S4-S5 linker in transducing the movement of the voltage-sensing S4 transmembrane domain into opening of the channel. Mutation studies have also provided evidence that the linker also lines the inner vestibule of the pore and provides the docking site for the N-terminal inactivation gate of Shaker K ϩ channels (27, 28) . Thus, the S4-S5 linker of voltage-dependent K ϩ channels has functional roles in channel gating associated with both activation and inactivation.
R243C and W248R altered the kinetics and voltage dependence of deactivation and inactivation of KvLQT1. Tail currents of WT KvLQT1 channels were biphasic. The mono-exponential decay of current (deactivation) was preceded by a relatively rapid increase, due to recovery of channels from an inactivated state. Analysis of tail current was previously used to determine that WT KvLQT1 channels reach half-maximal inactivation at Ϫ18 mV (19) . In contrast, deactivation of R243C and W248R channel current was biexponential and not preceded by an increase. The lack of an initial hook in the tail current suggested that mutant channels did not inactivate during pulses to membrane potentials as positive as ϩ60 mV. This was confirmed using a three-pulse voltage clamp protocol designed to allow recovery of channels from inactivation before applying a final pulse to permit direct recording of current inactivation. These experiments confirmed that R243C and W248R KvLQT1 channels did not inactivate at ϩ40 or ϩ60 mV but also revealed that channel inactivation did occur at ϩ80 mV. The structural basis of KvLQT1 channel inactivation is unknown, but our findings indicate that mutations in the S4-S5 linker have a profound affect on the voltage dependence of this process.
Mutations in the S4-S5 Linker of KvLQT1 Alter Functional Response to Coassembly with minK-I Ks channels are formed by coassembly of KvLQT1 subunits with minK subunits (3, 4) . Compared with homomultimeric KvLQT1 channels, I Ks channels have a much slower rate of activation, slightly slower rate of deactivation, an increased single channel conductance, and no detectable inactivation (4, 25, 29) . The most prominent effect of coexpression of KvLQT1 and minK is an increase in the magnitude of current. Like WT KvLQT1 subunits, R243C and W248R KvLQT1 subunits were capable of forming homomultimeric channels. However, coexpression of minK subunits with R243C or W248R KvLQT1 subunits caused a marked suppression of current, indicating a functional interaction between the two subunits. It is likely that channels formed by coassembly of minK and R243C or W248R KvLQT1 subunits were nonfunctional because the heteromultimeric channels could not gate properly in response to membrane depolarization. Although less likely, it is also possible that heteromultimeric channels had a very reduced single channel conductance compared with KvLQT1 alone or were subject to an accelerated rate of degradation. The small I Ks recorded in oocytes co-injected with minK plus R243C or W248R KVLQT1 cRNA was likely caused by coassembly of minK with constitutively expressed KvLQT1 subunits (4) . Elucidating the mechanisms of minK interaction with KvLQT1 requires further study, but these data indicate an important role for the S4-S5 linker of KvLQT1 in determining the functional interaction with minK subunits.
LQT-associated Mutations in KvLQT1 Decrease I Ks -Mutations in KVLQT1 that cause one type of autosomal dominant LQT usually result in loss of channel function and a dominantnegative effect (7) (8) (9) (10) . In this study, we characterized the functional consequences of three LQT-associated missense mutations located in or adjacent to the S4-S5 linker of KvLQT1. One of these mutations (E261K) resulted in substitution of a positively charged residue for a negatively charged amino acid. This mutation caused loss of function but did not cause a dominant-negative effect. This finding indicates that E261K KvLQT1 subunits are incapable of interacting with either WT KvLQT1 or WT minK subunits. The mechanism of loss of function for this mutation was not investigated but is most likely because of improper folding and rapid degradation of the mutant subunit. It is also possible, but unlikely, that E261K KvLQT1 subunits fold correctly and are stable but incapable of coassembling with WT KvLQT1 or minK subunits. The amplitude of currents induced by expression of R243C KvLQT1 or W248R KvLQT1 subunits was smaller than currents induced by WT KvLQT1 subunits (Fig. 2) . The decreased amplitude is partly explained by the positive shift in the voltage dependence of activation for the two mutant channels. However, this shift accounts for only about half of the decrease. The remainder could be caused by a reduced efficiency of protein expression or a reduction in open probability or single channel conductance. Whatever the exact mechanism(s) of current reduction, this FIG. 9 . Currents induced by coexpression of minK with WT or mutant KvLQT1 subunits. A, currents induced in an oocyte by coinjection of 8 ng of WT KVLQT1 cRNA plus 1 ng of minK cRNA. For panels A-C, pulses were applied from a holding potential of Ϫ80 mV to test potentials of Ϫ40 mV to ϩ60 mV, applied in 20-mV steps. Tail currents were measured at Ϫ50 mV. B, currents induced in an oocyte by injection of 1 ng of minK cRNA. C, currents induced in oocytes by coinjection with 1 ng of minK cRNA plus 8 ng of the indicated mutant cRNA. D, I-V relationships for oocytes expressing minK alone (q, n ϭ 14) or minK plus WT KvLQT1 (f, n ϭ 7), R243C KvLQT1 (‚, n ϭ 14), W248R KvLQT1 (छ, n ϭ 13), or E261K KvLQT1 (E, n ϭ 10).
effect would diminish the amplitude of channels formed by heteromultimeric assembly of WT and mutant KvLQT1 subunits. More importantly, in cardiac myocytes, the markedly reduced function of heteromultimeric channels formed by coassembly of mutant KvLQT1 and WT minK subunits would reduce I Ks . Thus, these two mutations would reduce the slow delayed rectifier K ϩ current in myocytes by altering the gating, kinetics, and coassembly properties of I Ks and KvLQT1 channels. The resulting decrease in repolarizing current would prolong action potential duration and QT interval and increase the risk of ventricular arrhythmias and sudden death.
